Mesenchymal stem cells (MSCs) are widely used in clinical settings to treat tissue injuries and autoimmune disorders due to their multipotentiality and immunomodulation. Long-term observations reveal several complications after MSCs infusion, especially herpesviral infection. However, the mechanism of host defense against herpesviruses in MSCs remains largely unknown. Here we showed that murine gammaherpesvirus-68 (MHV-68), which is genetically and biologically related to human gammaherpesviruses, efficiently infected MSCs both in vitro and in vivo. Cytosolic DNA sensor cyclic GMP-AMP synthase (cGAS) was identified as the sensor of MHV-68 in MSCs for the first time. Moreover, the cytosolic DNA sensing pathway mediated a potent anti-herpesviral effect through the adaptor STING and downstream kinase TBK1. Furthermore, blockade of IFN signaling suggested that cytosolic DNA sensing triggered both IFN-dependent and -independent anti-herpesviral responses. Our findings demonstrate that cGAS-STING mediates innate immunity to gammaherpesvirus infection in MSCs, which may provide a clue to develop therapeutic strategy.
M ultipotent mesenchymal stem cells (MSCs) are a heterogeneous population of stromal cells that exist in almost all adult tissues 1 . They can be readily isolated from several tissues, such as bone marrow, adipose tissue and umbilical cord. Due to their tissue regenerative capacity and immunoregulatory property, MSCs recently have attracted considerable attention for potential clinical applications. They have been successfully used to enhance the efficiency of hematopoietic stem cell engraftment 2 , and to treat acute graft-versus-host disease (GvHD) 3 as well as autoimmune disorders 4 . Although MSCs are widely used clinically, long-term observations reveal several complications after MSCs infusion, especially infectious complications 5 . Herpesviral infection is a major cause of morbidity and mortality after stem cell transplantation 6 . Recently, increasing experimental evidence shows that MSCs are highly susceptible to herpesviruses. Herpes simplex virus type 1 (HSV-1) and cytomegalovirus (CMV) can infect MSCs and induce obvious cytopathic effect (CPE) 7 . A recent study shows that placenta-derived MSCs are fully permissive to infection with HSV-1, HSV-2, Varicella-zoster virus (VZV) and CMV 8 . In addition, human fetal MSCs are susceptible to Kaposi sarcoma-associated herpesvirus (KSHV) in culture, and the infection persists within half of the cells for up to six weeks 9 . Thus, it is possible that MSCs carrying herpesviruses lead to horizontal transmission of pathogens to recipients after cells infusion. Moreover, KSHV efficiently infects and transforms MSCs to induce tumors 10 . These observations raise a safety concern with ex vitro expansion and subsequent clinical transplantation of MSCs. Besides, CMV-infected MSCs show impaired immunosuppressive and antimicrobial functions, which may undermine the clinical efficacy of MSC-based therapies 11 . Therefore, it is important to investigate the mechanism by which MSCs recognize and defend against invading herpesviruses to develop a novel strategy to eliminate viruses in MSCs.
As a large family of double-stranded DNA (dsDNA) viruses, herpesviruses can cause lytic infection in permissive cells, and establish life-long latency in specific cell types. These viruses cause diseases during both primary infection (e.g. infectious mononucleosis, chickenpox) and reactivation from a latent infection (e.g. shingles). Moreover, gammaherpesviral latency proteins could drive virus-associated carcinogenesis in genetically predisposed individuals, and result in several cancers, such as Kaposi's sarcoma, primary effusion lymphoma 12 , Burkitt's lymphoma, Hodgkin's lymphoma and nasopharyngeal carcinoma 13 . The innate immune system is an important arm in control of herpesviruses infection. Distinct classes of pattern recognition receptors (PRRs) detect invading pathogens on the cell surface or in cytosolic compartments 14 . Genomic DNA is the most potent immune-stimulating component of herpesviruses. Substantial evidence suggests that human herpesviruses can be recognized by Toll-like receptor (TLR) 9 located in endosomes in plasmacytoid dendritic cells or primary monocytes [15] [16] [17] , while other studies demonstrate the existence of TLR9-independent recognition of herpesviruses 18 . Most recently, several cytosolic receptors have been proposed for recognition of foreign DNA in the cytosol 19, 20 , which may also contribute to innate immune response to herpesviruses 21, 22 . To date, several cytosolic DNA sensors have been identified, including DNA-dependent activator of IFN-regulatory factors (DAI) 23 , absent in melanoma 2 (AIM2) 24 , IFN-c-inducible protein 16 (IFI16, also called p204 in the mouse) 25 and DEAD box polypeptide 41 (DDX41) 26 . Recent studies report that cyclic GMP-AMP synthase (cGAS) also functions as a cytosolic DNA sensor to induce IFN by producing the second messenger cyclic GMP-AMP 27, 28 . Although cytosolic DNA can be detected by distinct sensors, STING is a central adaptor protein shared by these cytosolic DNA sensing pathways 29 . In the presence of cytosolic dsDNA or cyclic dinucleotides, STING recruits and phosphorylates TANK-binding kinase 1 (TBK1). The activated TBK1 phosphorylates IFN-regulatory factor 3 (IRF3), which is a key transcription factor required for the expression of type I IFNs 30 . Subsequently, type I IFNs induce various interferon-stimulated genes (ISGs) via the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway to mount an efficient antiviral response 31 . Therefore, the cytosolic DNA sensing pathway is critical for host defense against cytosolic bacteria and DNA viruses in innate immune cells 32 . Several studies reveal that MSCs express some PRRs, including TLRs (TLR3 and TLR4) 33 , nucleotide binding and oligomerization domain (NOD)-like receptors (NLRs) 34 and retinoic acid inducible gene I (RIG-I)-like receptors (RLRs) 35 , which regulate differentiation, immunomodulation and survival of MSCs. Nonetheless, little is known regarding the expression and function of cytosolic DNA sensors in MSCs.
The present study explores a novel mechanism by which murine MSCs recognize and defend against invading herpesviruses. Our results indicate that the cytosolic cGAS-STING pathway but not endosomal TLR9 is responsible for sensing murine gammaherpesvirus-68 (MHV-68). Activation of the cytosolic DNA sensing pathway triggers a robust antiviral response via STING-TBK1 signaling axis, and restricts the replication of MHV-68 in both IFN-dependent and -independent manners. Our findings provide insight into both the mechanism of innate immunity against herpesviruses in MSCs and the antiviral function of the cytosolic DNA sensing pathway.
Results

MHV-68 infects MSCs both in vitro and in vivo.
To explore the mechanism of innate recognition and host defense against herpesviruses in MSCs, we established a cellular infection model of murine gammaherpesvirus MHV-68, which is genetically and biologically similar to human gammaherpesviruses. We challenged MSCs with MHV-68 at an MOI 0.1, and typical CPE was detected at 24 hr post-infection (Fig. 1a) . Most of MSCs lysed or detached from the culture dish at 72 hr after exposure to MHV-68 (Fig. 1a) . We further detected viral DNA in MSCs by real-time PCR, and found that MHV-68 DNA copies increased in a time-dependent manner, peaking at 36 hr post-infection (Fig. 1b) . Extracellular virion yield of infected MSCs was examined by plaque assay. As shown in Fig. 1c , virus titers in the supernatant of MSCs increased markedly postinfection, indicating that cultured MSCs were permissive to MHV-68 infection. To further investigate whether MHV-68 infects MSCs in vivo, MSCs were isolated from mice intranasally infected with MHV-68, and the existence of viral DNA was detected by using nested PCR. At all the indicated times (from 1 to 4 weeks) post-infection, viral DNA was detected in primary isolated MSCs, as well as in lung and spleen, which are well-characterized sites of acute infection and latency of MHV-68 (Fig. 1d) .
The cGAS-STING cytosolic DNA sensing pathway mediates recognition of MHV-68 in MSCs. To investigate the innate immune response to MHV-68 in MSCs, cells were infected with MHV-68, and induction of the downstream gene IFN-b was examined. We found that IFN-b was not induced in MSCs after infection (Fig. 2a) , suggesting that MHV-68 may inhibit the IFN response. To explore how MSCs detected foreign nucleic acid of invading MHV-68, we stimulated cells with viral DNA by transfection. Real-time PCR data showed that viral DNA induced the expression of IFN-b (Fig. 2b) , indicating activation of the innate immune response. Next, we examined which receptors detected viral DNA in MSCs. Since MHV-68 is a dsDNA virus, we first tested whether TLR9 was involved in detection of MHV-68. The expression of TLR9 was examined by RT-PCR in MSCs. While BMDM expressed TLR9, mRNA of TLR9 was not detectable in MSCs (Fig. 2c) . We further stimulated MSCs with TLR9 ligand CpG DNA, and examined the expression of the downstream gene IFN-b. While CpG DNA induced the expression of IFN-b in murine macrophage-like RAW264.7 cells, MSCs failed to respond to CpG DNA (Fig. 2d ). These results indicated that mouse MSCs did not express functional TLR9, thus ruling out the possibility of TLR9-mediated recognition of MHV-68 in MSCs. In addition to endosomal TLR9, foreign dsDNA can also be detected by cytosolic DNA sensors. Therefore, we tested the hypothesis that cytosolic DNA sensors may recognize MHV-68 in MSCs. The expressions of well-characterized cytosolic DNA sensors including cGAS, DDX41, p204, AIM2, DAI and the adaptor STING were detected with RT-PCR. BMDM were used as positive control, which expressed the receptors above (Fig. 2e) . Similarly, all of the receptors were expressed in MSCs, though at different levels ( Fig. 2e) . Furthermore, we knocked down each DNA sensor with a small interfering RNA (siRNA) to determine which sensor was responsible for detection of MHV-68 (Fig. 2f) . Notably, MHV-68 DNA-induced IFN-b expression in MSCs was impaired by cGAS-specific siRNA, whereas siRNAs targeting other DNA sensors did not reduce IFN-b expression (Fig. 2g) . During cytosolic DNA sensing, STING is a central adaptor protein. Thus, we knocked down STING to examine whether STING mediated recognition of MHV-68 in MSC. The knockdown efficacy was confirmed by Western blot (Fig. 2h) . Real-time data showed that knockdown of STING attenuated the expression of IFN-b in MSCs stimulated with viral DNA (Fig. 2i) . These results suggest that the cGAS-STING cytosolic DNA sensing pathway recognized MHV-68 in MSCs.
Activation of the cytosolic DNA sensing pathway restricts the replication of MHV-68 in MSCs. To further explore whether the cytosolic DNA sensing pathway mediated anti-herpesviral response in MSCs, we stimulated MSCs with synthetic dsDNA poly(dA:dT) or interferon stimulatory DNA (ISD, a synthetic 45 bp dsDNA) to activate the cytosolic DNA sensing pathway. Western blot data showed that both poly(dA:dT) ( Fig. 3a) and ISD ( Fig. 3b) induced phosphorylation of IRF3 in a time-dependent manner in MSCs, suggesting activation of the cytosolic DNA sensing pathway. Next, we examined the replication of MHV-68 in MSCs after dsDNA stimulation. Pretreatment with poly(dA:dT) dramatically inhibited the replication of viral DNA (Fig. 3c ). Plaque assay also showed a marked decrease in infectious viral particle yield of poly(dA:dT)-pretreated MSCs (Fig. 3d) . Similarly, ISD stimulation led to inhibition of MHV-68 DNA replication (Fig. 3e ) and viral particle yield (Fig. 3f) . These observations suggest an anti-herpesviral response upon activation of cytosolic DNA sensing pathway. STING-TBK1 signaling axis is required for the anti-herpesviral response of cytosolic DNA sensing. During cytosolic DNA sensing, the adaptor STING recruits and phosphorylates TBK1 kinase to activate downstream signaling. To examine STING-TBK1 signaling, MSCs were stimulated with poly(dA:dT), and the subcellular distribution of STING and phosphorylated TBK1 was visualized with immunofluorescence microscopy. In mock-treated MSCs, STING distributed diffusely in the cytosol, and phosphorylation of TBK1 was not observed (Fig. 4a) . However, in response to dsDNA transfection, STING aggregated perinuclearly, and phosphorylated TBK1 was found to co-localize with STING (Fig. 4a) . Moreover, Western blot showed that phosphorylation of TBK1 in MSCs after poly(dA:dT) transfection was time-dependent (Fig. 4b ). These observations indicated activation of the STING-TBK1 signaling in dsDNA-stimulated MSCs. To elucidate whether the adaptor STING mediated the cytosolic DNA sensing-induced antiviral response, we silenced endogenous STING with siRNA in MSCs, and stimulated the cells with poly(dA:dT). Western blot showed that phosphorylation of downstream transcription factor IRF3 was dramatically attenuated in poly(dA:dT)-stimulated MSCs in which STING was knocked down (Fig. 4c) , suggesting a critical role of STING in cytosolic DNA sensing. Furthermore, viral DNA replication and virion yield were examined in STING-silenced MSCs. Both real-time PCR (Fig. 4d ) and plaque assay (Fig. 4e ) data showed that dsDNA stimulation decreased viral replication in siNC-treated MSCs, while the antiviral effect was abolished in STING-silenced MSCs (Fig. 4d, 4e) . These results indicated that the adaptor STING mediated the antiviral response of cytosolic DNA sensing pathway.
To further test the involvement of TBK1 in the cytosolic DNA sensing-mediated antiviral response, small molecule kinase inhibitor BX795 was used to inhibit TBK1 activity. When stimulated with poly(dA:dT), TBK1-inhibited MSCs showed less phosphorylation of IRF3 (Fig. 4f) . When TBK1 kinase was inhibited, poly(dA:dT)-treated MSCs showed increased viral DNA replication ( Fig. 4g ) and virion production (Fig. 4h) . Thus, TBK1 kinase was required for the cytosolic DNA sensing-mediated antiviral effect.
Cytosolic DNA sensing mediates both IFN-dependent andindependent antiviral effects. Activation of STING-TBK1 signaling axis after cytosolic dsDNA stimulation leads to the production of type I IFNs, which initiate an innate antiviral response by inducing hundreds of ISGs through the JAK-STAT pathway. To determine whether cytosolic DNA sensing-mediated antiviral effect depended on an autocrine effect of type I IFNs, JAK inhibitor Ruxolitinib was used to block IFN-JAK-STAT signaling in dsDNA-stimulated MSCs. Western blot showed that at the concentration of 1.0 mM, Ruxolitinib almost completely blocked dsDNA-induced phosphorylation of STAT1 downstream of IFN-JAK-STAT pathway (Fig. 5a) . Furthermore, we found that blocking of the JAK-STAT pathway partially reduced the DNA sensing-mediated antiviral activity, as indicated by both viral DNA (Fig. 5b) and plaque assay data (Fig. 5c) . These results suggest that the DNA-sensing pathway could mediate antiviral effects in the absence of canonical IFN-JAK-STAT signaling. Moreover, we examined whether the DNA-sensing pathway can mediate antiviral ISGs expression independently of IFN signaling. Real-time PCR data showed that when IFN-JAK-STAT pathway was blocked by Ruxolitinib, transfection with poly(dA:dT) still induced expressions of ISGs, including IFIT1-3, ISG15 and Mx1, though the expression levels were lower than that in MSCs without Ruxolitinib treatment (Fig. 5d) . Together, these data imply that cytosolic DNA sensing mediated both IFN-dependent and -independent antiviral effects.
Discussion
Recently, MSCs infusion is a plausible strategy in clinical treatment of tissue injury and immune-related disorders 36, 37 , due to the multipotentiality and immunomodulatory properties of MSCs. Nevertheless, increasing clinical reports reveal that allogeneic stem cell transplantation is often complicated by herpesviral infection [38] [39] [40] , thus raising the safety concerns 41 . However, the mechanism of host defense against herpesviruses in MSCs remains elusive. In this study, for the first time, we identify functional cytosolic DNA sensors in MSCs, and demonstrate that the cGAS-STING cytosolic DNA sens- ing pathway is responsible for detecting murine gammaherpesvirus MHV-68, and mediates both IFN-dependent and independent antiherpesviral responses in MSCs.
Previous studies suggest that human MSCs are highly susceptible to several herpesviruses, including HSV, CMV 7 and KSHV 9 . In the present study, we find that cultured MSCs are lytically infected by murine gammaherpesvirus MHV-68. Moreover, viral DNA is detected in MSCs from MHV-68-infected mice, suggesting that MSCs may be latently infected with gammaherpesvirus in vivo and serve as viral reservoirs. This observation supports a general belief that horizontal transmission of herpesviruses from grafts to recipients results in serious complication in patients receiving allogeneic stem cell transplantation.
Herpesviruses can be sensed via both TLR-dependent and -independent pathways 18, 42 . In plasmacytoid dendritic cells (pDCs), endosomal TLR9 mediates recognition of HSV and KSHV [43] [44] [45] . Here, we find that murine MSCs do not express functional TLR9, which is consistent with a previous report 33 . Other studies reveal that cytosolic DNA sensors are also responsible for recognition of herpesviruses, such as IFI16 detecting KSHV DNA in endothelial cells 22 , DAI sensing human cytomegalovirus (HCMV) in fibroblasts, as well as DAI 23 , IFI16 25 , DDX41 26 and AIM2 32 all of which recognize HSV-1 in macrophages. These studies reveal redundant cytosolic DNA sensors, and cell type-specific DNA sensing pathways. However, a recent study demonstrates a non-redundant role of newly-discovered cytosolic sensor cGAS for DNA sensing in macrophages, dendritic cells and fibroblasts 46 . These cytosolic DNA sensors have not been reported in MSCs before. We show here that all of the sensors above are expressed in MSCs, and cGAS is indispensible for recognition of MHV-68 in MSCs. Previous studies show that AIM2 recognizes cytosolic DNA and assembles the inflammasome to mediate an inflammatory response 24 . Nevertheless, upon binding to dsDNA, AIM2 does not induce an IFN response, and rather serves as a negative regulator 24, 32 . Here, we also observe enhanced IFN-b expression in AIM2-knocked down MSCs after viral DNA stimulation. Whether AIM2 triggers the inflammasome in MSCs after MHV-68 infection may be possible, but needs further investigation.
Upon detection of viral dsDNA, cytosolic DNA sensing pathway plays a critical role in host antiviral response. For example, AIM2-knockout mice have a higher viral load in spleens after exposure to mouse cytomegalovirus than wild-type mice 32 . A recent study reveals that cGAS is essential for immune defense against HSV-1 infection in vivo 46 . IFI16 acts as a restriction factor against HCMV replication in human embryonic lung fibroblasts 47 . We find that activation of cytosolic DNA sensing pathway restricts the replication of MHV-68. In addition, previous studies show that the deficiency of adaptor STING renders mice more susceptible to lethal infection with HSV-1 29 , and that downstream TBK1 kinase is required for host defense against DNA viruses infection, including MHV-68 48 . Consistently, we demonstrate that cytosolic DNA sensing mediates an anti-herpesviral effect, and that this requires the STING-TBK1 signaling axis. Previous studies demonstrate that MHV-68 develops several strategies to evade host antiviral defense at multiple stages, such as TBK1 49 , IRF3 39 and IFNAR 50 . Here, we find that MHV-68 infection does not induce an IFN response. It is possible that MHV-68 antagonizes the cytosolic DNA sensing-mediated IFN response in MSCs after infection. It may explain why knockdown of STING or inhibition of TBK1 in MSCs without exogenous dsDNA stimulation does not affect MHV-68 replication. Therefore, activation of the cytosolic DNA sensing pathway with synthetic dsDNA may provide a novel strategy to elicit host antiviral response to inhibit MHV-68 replication.
Cytosolic DNA sensing activates STING-TBK1-IRF3 signaling axis that triggers the expression of type I IFNs 20 . It is generally thought that PRRs induce the expression of type I IFNs that act in an autocrine manner to amplify ISGs expression and direct a multifaceted antiviral response. However, ISGs can also be induced directly without need for canonical IFN signaling. For example, RIG-I-like receptor (RLR) adaptor protein IPS-I located on the peroxisome induces rapid IFN-independent expression of ISGs upon RNA virus infection, and provides short-term protection 51 . Knockout of cytosolic exonuclease Trex1 induces high expression of antiviral ISGs genes in type I IFN receptor deficient cells 52 . The IFN-independent activation of antiviral genes in Trex1 2/2 cells 2/2 fibroblasts which are deficient in IFN signaling, induces many ISGs via the STING-IRF3 pathway 53 . This study indicates that cytosolic DNA sensing can also mediate an antiviral program independent of canonical IFN signaling. In this study, we find that cytosolic DNA sensing mediates an antiviral response in MSCs via STING-TBK1 signaling axis, and blockade of IFN signaling with JAK inhibitor can only partially reduce cytosolic DNA sensing-mediated antiviral activity. The result implies an IFN/ JAK/STAT-independent antiviral response. However, further investigation using MSCs isolated from STAT1 2/2 mice is needed to provide convincing evidence to demonstrate the IFN-independent mechanism.
In summary, we demonstrate that MSCs recognize gammaherpesvirus MHV-68 via cytosolic DNA sensor cGAS. Activation of the cytosolic DNA sensing pathway by dsDNA limits the replication of MHV-68 via STING-TBK1 signaling axis. Furthermore, our data suggest that the cytosolic DNA sensing pathway mediates antiviral defense in both IFN-dependent and -independent manners. These findings give a better understanding of not only host defense against gammaherpesvirus infection in MSCs but also the antiviral function of the cGAS-STING pathway. Therefore, our study may provide a novel strategy for clinical treatment of gammaherpesvirus infections.
Methods
Ethics statement. The methods used were carried out in accordance with the approved guidelines. All experimental protocols were approved by Sun Yat-sen University. All animal experiments were approved by the Animal Ethics Committee of Sun Yat-sen University and performed in accordance with the guidelines of Animal Care and Use of Sun Yat-sen University.
Reagents. Poly(dA:dT) was purchased from Sigma (St. Louis, MO). CpG oligodeoxynucleotide (CpG DNA, TLR9 ligand) and BX795 (TBK1 inhibitor) were from Invivogen (San Diego, CA). Ruxolitinib (JAK inhibitor) was obtained from Selleck Chemicals (Houston, TX). Anti-STING (3337S), anti-phosphorylated IRF3 (4947S), anti-phosphorylated TBK1 (5483S), anti-phosphorylated STAT1 (Tyr701) (9171S) and (for Western blot) antibodies were obtained from Cell Signaling Technology (Beverly, MA). Anti-IRF3 (sc-9082), anti-STAT1 (sc-346) and anti-STING antibody (sc-241049) (for immunofluorescence microscopy) were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-b-actin antibody (A1978) was from Sigma (St. Louis, MO). Cell culture. MSCs were obtained from bone marrow of tibia and femur of 6-to 8-week-old female C57BL/6 mice as described previously 35, 54 . Cells were maintained in DMEM low glucose medium supplemented with 10% FBS, 2 mM glutamine, 100 U/ ml penicillin, and 100 mg/ml streptomycin (all from Invitrogen, Carlsbad, CA). The isolated MSCs were immunophenotyped by flow cytometry as reported previously 54 . MSCs from passage 5 to 20 were used in all experiments. Macrophage-like RAW264.7 cells were maintained in DMEM supplemented with 10% FBS as reported previously 55 . Bone marrow-derived macrophages (BMDMs) were isolated and cultured as described previously 56 . All experiments involving animals were approved by the Animal Ethics Committee of Sun Yat-sen University.
Nucleic acids transfection. To activate cytosolic DNA sensing pathway or stimulate MSCs with viral DNA, poly(dA:dT), interferon stimulatory DNA (ISD, a synthetic 45 bp dsDNA) or MHV-68 DNA was transfected into the cytosol of MSCs by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Virus and plaque assay. MHV-68 was kindly provided by Prof. Yan Yuan (University of Pennsylvania School of Dental Medicine, Philadelphia), and propagated in Vero cells. Viral titer was determined by plaque assay and viral stocks were stored at 280uC. For plaque assay, ten-fold serial dilutions of each cell-free supernatant were incubated on a monolayer of Vero cells for 1 hr with occasional rocking. The infected cells were then overlaid with culture medium containing 0.5% agarose. After one week incubation, plaques were visualized with 0.03% neutral red staining and counted at the optimum dilution to calculate virus titer.
Mice infection and organ harvesting. C57BL/6 mice were anesthetized and intranasally inoculated with 5 000 PFU of MHV-68. The infected mice were sacrificed at indicated time post-infection, and lung and spleen tissues were harvested and homogenized for DNA isolation. MSCs were isolated as described above. All mice procedures here were performed according to the Animal Ethics Committee guides of Sun Yat-sen University. MHV68 DNA was determined by using nested PCR of viral ORF50 gene sequence as described previously 57 .
Western blot. Western blot was performed as described previously 56 . Briefly, the whole-cell extract was resolved by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were blocked in 5% bovine serum albumin and then incubated with diluted primary antibodies overnight at 4uC. Western blot detection was performed with IRDye 800 CW conjugated anti-rabbit IgG or IRDye 680 CW conjugated anti-mouse IgG secondary antibodies according to the manufacturer's protocols (LI-COR Biosciences, Lincoln, NE). The blots were visualized using an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE). siRNA knockdown. siRNAs were chemically synthesized by Invitrogen, and scrambled siRNA (siNC) was used as negative control. The target sequences of siRNAs used were as following: STING, 59-GAGCTTGACTCCAGCGGAA-39 27, 28 ; cGAS, 59-GGATTGAGCTACAAGAATA-39 27 ; DDX41, 59-TGACATGCCTGAAGAGATA-39 27 ; p204, 59-AGAAAACAGTGAACCGAAA-39 27 ; AIM2, 59-ACATAGACACTGAGGGTAT-39 58 ; DAI, 59-GGTCAAAGGGTGAAGTCAT-39 23 ; For knockdown experiments, cells were transfected with siRNA using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol.
Quantitative nucleic acid analysis. Total RNA was extracted from cells with TRIzol Reagent (Life Technologies, Carlsbad, CA) and reverse transcribed into cDNA by RevertAid TM First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA). For RT-PCR, the expression of various transcripts was assessed by PCR amplification using a standard protocol. Amplified products were fractionated by 1.0% agarose gel electrophoresis and visualized by ethidium bromide staining. Quantitative real-time PCR analysis of transcripts was performed on Bio-Rad CFX96 real-time detection system using SYBR Green Master Mix (Applied Biosystems, Foster City, CA). Sequences of primer pairs used were listed in Table 1 . Other primers used in the present study were described previously 35 . For cytosolic MHV-68 DNA quantification, DNA was isolated from MHV-68-infected MSCs using TRIzol Reagent (Life Technologies, Carlsbad, CA) per manufacturer's protocol. Viral DNA (ORF56) and cellular b-actin were quantified by real-time PCR 59 . Viral genomic DNA in infected cells was calculated as compared to internal control b-actin.
Immunofluorescence microscopy. Cells were grown on glass coverslips and treated as indicated, and then fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100 and blocked with 5% BSA. Samples were incubated with primary antibody at 4uC overnight, and then with secondary antibody for 1 hr at room temperature. Nuclei were labeled with 4, 6-diamidino-2-phenylindole (DAPI) staining. Coverslips were mounted with ProLong Gold antifade reagent (Invitrogen) and visualized using Olympus BX53 fluorescence microscope (Olympus Corporation, Tokyo, Japan).
Statistical analysis. Experiments were performed for at least three times independently. GraphPad Prism 4.0 (GraphPad Software, San Diego, CA) was used for statistical analysis. Differences between two groups were compared by using an unpaired Student's t-test. Differences between three groups or more were compared by using a one-way analysis of variance with Bonferroni's post-test. Differences were considered statistically significant with a p value less than 0.05.
